The neuraminidase (NA) 
The neuraminidase (NA) of influenza virus is a surface glycoprotein consisting of a square boxlike head and a long narrow stalk which is anchored to the membrane (1, 6, 11, 16) . The three-dimensional structure of the NA head of several influenza viruses has been determined (3, 7, 36) . Sequencing of the A/Tokyo/3/67 virus NA protein suggested that four Asn residues within the head region are glycosylated (38) . The Asn at position 146 (N2 numbering), a conserved residue among influenza A and B virus NA proteins, is associated with a complex sugar (38) . This carbohydrate contains N-acetylgalactosamine, which is not found in other complex carbohydrate residues of the NA or the hemagglutinin (HA) of influenza viruses (4, 20, 37, 38) . NA is able to catalyze the cleavage of the ot-ketosidic linkage between the terminal sialic acid residue and the adjacent residue on the carbohydrate chain (17) . The active site of the NA is located in the head region (12) . Several functional roles of the NA during viral infection have been postulated. NA may cleave sialic acid in mucus, allowing penetration of virus to target respiratory epithelial cells (8, 9) . It may also play an important role during the virus release process by cleaving sialic acid receptors from viral and cellular surfaces, preventing progeny virus from self-aggregating or adhering to cell membranes (30, 33, 39 (32) . Sugiura and Ueda have used similar techniques to show that the WSN NA is required for its neurovirulence in mice (35) infection is not otherwise observed, is an important element (29) . The nucleotide sequence of the NA gene of WSN virus has been determined by Hiti and Nayak (18) . It has been observed that the WSN NA lacks a potential glycosylation site at position 130 (position 146 in N2 subtype NA) conserved in other influenza virus neuraminidases. It has been postulated that this change in structure could be correlated with neurovirulence (13, 22) .
In (2) . Briefly, 50 Rl of serial twofold dilutions of virus stock was incubated overnight with the same volume of fetuin (50 mg/ml) in the presence of 0.1 M phosphate buffer (pH 5.9) and 1.5 mM CaCl2 at 37°C. After incubation, the N-acetylneuraminic acid released by the enzyme was chemically converted to a pink chromophore and extracted with 2.5 ml of n-butanol-HCl. The A549 was read. Infection of influenza virus in mice. Intracerebral inoculation of influenza virus was done as previously described (35 (37) . In addition, this glycosylation site is located near the active site of the enzyme (12) . Moreover, it is present in all influenza virus NAs except that of the neurovirulent WSN virus (13, 18) . We also determined the nucleotide sequence of the NA of the nonneurovirulent WS virus, the parent strain of both neurovirulent WSN and NWS viruses (34) . As We took advantage of reverse genetics techniques and introduced a potential glycosylation site into the WSN NA. To facilitate the site-specific mutagenesis, unique DrallI and KpnI restriction enzyme sites were introduced into the previously described plasmid pT3IWSN-NA (14) (Fig. 1) . The resulting plasmid was designated pT3NAwt. Plasmid pT3NAmt contains two nucleotide changes which resulted in an Arg-*Asn change restoring a potential glycosylation site at position 130. Using the previously described system (15), RNA derived from pT3NAmt was transfected into MDBK cells which were infected with WSN/HK helper virus. However, selection in virus were similar to those of wt virus derived from pT3NAwt.
The introduced mutation at position 130(Arg-Asn) was confirmed by direct RNA sequencing (summarized in Table 1 ). This virus was designated the Glyc+ mutant virus. Isolation of revertant viruses. We first examined the ability of the Glyc+ mutant to form plaques in MDBK and MDCK cells. As shown in Table 2 , plaque formation by wt WSN virus in MDBK cells was not affected by trypsin, whereas the plaquing of the Glyc+ mutant virus was dependent on the concentration of trypsin. At 2 pLg of trypsin per ml, the Glyc+ mutant virus plaqued as efficiently as wt virus did. When the trypsin concentration was only I p.g/ml, the efficiency of plaquing was 10-fold lower. In the absence of trypsin, only a few tiny plaques were observed at very low dilutions of virus (Table 2) . In MDCK cells, the Glyc+ mutant virus was able to form plaques in the absence of trypsin. However, trypsin at a concentration of 2 pLg/ml improved the efficiency of plaquing by about 10-fold.
We isolated viruses from several plaques which were formed by the Glyc+ mutant virus in MDBK cells in the absence of trypsin. After replaquing, the revertant viruses retained the ability to grow in MDBK cells without trypsin. We then determined the nucleotide sequences of the revertant viruses in the NA region around the introduced glycosylation site Asn-130. As shown in Table 1 , both revertant viruses possess point mutations in the nucleotides encoding the glycosylation motif. The most striking observation was that both revertant viruses contained a point mutation at nucleotide position 413 (A-G), which resulted in a change of the Thr-132 residue to Ala. Revertant 2 contained the additional change of Asn-130 to Lys, which is an amino acid similar to the Arg present in wt WSN virus NA. These results suggest that the introduction of the glycosylation site, and not the change of the amino acid (Arg->Asn), is responsible for the change of the growth properties of the Glyc+ mutant virus in MDBK cells.
In vitro characterization of the Glyc+ mutant virus. To confirm the effect of trypsin on infection of the Glyc+ mutant virus, a multicycle growth experiment was performed by infecting cells with virus at low MOI. As shown in Fig. 2A , the replication of wt and revertant viruses in MDBK cells did not increase in the presence of trypsin. It should be noted that the trypsin concentration of 1.5 p.g/ml caused visible cell damage, which was reflected in slightly lower growth of the wt virus compared with that observed in the absence of trypsin. In the Glyc+ mutant virus-infected cells, no HA titer was detectcd when trypsin was absent. In the presence of trypsin, the Glyc+ mutant virus replicated to a level similar to that of wt WSN virus. These results demonstrate that the Glyc+ mutant virus lacks the ability to facilitate HA cleavage and thus requires trypsin for multicycle replication in MDBK cells. In MDCK cells, the Glyc+ mutant virus was able to replicate in the absence of trypsin. However, the level is lower than that of virus grown in the presence of trypsin (Fig. 2B) (Fig.  4A) . The enzymatic activity with the small substrate was also reduced (Fig. 4B) . However, the level of the reduction (about 55%) was not as great as that observed with the large substrate.
Infectivity of the mutant virus in mice. To test for neurovirulence, we intracerebrally inoculated 1,000 PFU of virus into 6-week-old BALB/c mice. Five days postinfection, the brain tissue was collected and the presence of infectious virus was determined by plaque assay in MDBK and MDCK cells. As shown in Table 3 lungs infected with the Glyc+ mutant virus was similar to that observed after wt WSN virus infection. The revertant virus replicated about 10 times less efficiently in mouse lung compared with the wt and Glyc+ mutant viruses.
DISCUSSION
Neurovirulence in mice is a unique property of some influenza viruses, including WSN virus. Several genetic studies revealed that neurovirulence can be influenced by several genes (21, 26, 31) . Sugiura and Ueda showed that the NA, M, and NS genes of WSN virus could contribute to neurovirulence (35) . However, the NA gene is essential for neurovirulence, since reassortant viruses lacking the WSN NA were not able to multiply in mouse brain (35) .
In this study, we have confined our attention to the role of NA and have identified a structural element within the NA which determines the neurovirulence of WSN virus. By using reverse genetics methods, a glycosylation site was introduced into the NA of the WSN virus. This was done by changing Arg in position 130 to Asn and thus creating an Asn-X-Thr motif. The resulting Glyc+ mutant virus required exogenous protease for its efficient replication in MDBK cells. Trypsin at appropriate concentrations increased the efficiency of plaque formation by more than 105-fold and allowed the multicycle replication of the Glyc+ mutant virus in this cell line. On the other hand, revertant viruses which contained mutations in the glycosylation triplets were able to multiply in MDBK cells in the absence of trypsin. Revertant 1 virus retained the Asn interferes with the transport and/or folding of the protein (22) .
Although the mutations present in the revertant are not lethal ones, they could affect the NA processing during viral infection. Further experiments would be needed to explore this possibility. It should be noted that we have not isolated a virus which reverts to the wt WSN NA sequence. Since a double base change would be needed to restore the Arg of the wt NA, this kind of reversion may occur at very low frequency. The Glyc+ mutant virus was not able to multiply in mouse brain, suggesting that it had lost the properties of neurovirulence. No infectious virus was recovered after intracerebral inoculation of 1,000 PFU of the Glyc+ mutant virus, while 104 to 105 infectious virus particles were detected from brains of mice infected with either wt or revertant 1 virus. Furthermore, neurological signs were observed only in mice infected with the wt or revertant virus. It should be noted that the Glyc+ mutant virus stock contained revertant viruses at a frequency of about 10-5. However, under the experimental conditions used in this study, the mutant virus inoculum (103 PFU) would not be likely to contain any revertant virus. We also did not observe the emergence of revertant viruses from mouse brain infected with the mutant virus. However, an increase of inoculum of the Glyc+ mutant virus might allow the isolation of revertant viruses in vivo. The Glyc+ mutant virus replicated in mouse lungs to a level similar to that of the wt WSN virus. These results suggest that glycosylation of the NA did not dramatically influence pneumovirulence.
The biological properties of the Glyc+ mutant virus revealed the importance of HA cleavage for neurovirulence of influenza virus. Analysis of reassortant viruses derived from the WSN and HK viruses previously showed that all reassortants which contained WSN NA were able to replicate in mouse brain and in a neuroblastoma cell line and had a cleaved HA in the latter system (29, 34 (14, 15) . This system was previously used to generate attenuated influenza virus (27) and to study the function of the stalk of the NA (10, 25) . Recently, the possibility of using an NA-minus virus for rescue of the NA gene was described by Liu and Air (24) . In the present study, we used a host range mutant to rescue transfectant virus. This system may have broad application, since the selection can be done in MDCK cells, which are suitable for the growth of a variety of influenza viruses. In addition, the transfection efficiency of 1(5 PFU/ml is similar to that obtained for other systems (15) . Thus, the reverse genetics techniques described above may provide an excellent tool with which to study the structure-function relationship of the NA.
